We construct new models of black hole-neutron star binaries in quasiequilibrium circular orbits by solving Einstein's constraint equations in the conformal thin-sandwich decomposition together with the relativistic equations of hydrostationary equilibrium. We adopt maximal slicing, assume spatial conformal flatness, and impose equilibrium boundary conditions on an excision surface (i.e., the apparent horizon) to model the black hole. In our previous treatment we adopted a "leadingorder" approximation for a parameter related to the black-hole spin in these boundary conditions to construct approximately nonspinning black holes. Here we improve on the models by computing the black hole's quasilocal spin angular momentum and setting it to zero. As before, we adopt a polytropic equation of state with adiabatic index Γ = 2 and assume the neutron star to be irrotational. In addition to recomputing several sequences for comparison with our earlier results, we study a wider range of neutron star masses and binary mass ratios. To locate the innermost stable circular orbit we search for turning points along both the binding energy and total angular momentum curves for these sequences. Unlike for our previous approximate boundary condition, these two minima now coincide. We also identify the formation of cusps on the neutron star surface, indicating the onset of tidal disruption. Comparing these two critical binary separations for different mass ratios and neutron star compactions we distinguish those regions that will lead to a tidal disruption of the neutron star from those that will result in the plunge into the black hole of a neutron star more or less intact, albeit distorted by tidal forces.
I. INTRODUCTION
Coalescing black hole-neutron star (BHNS) binaries, as well as other compact binaries composed of neutron stars and/or black holes, are among the most promising sources of gravitational waves for both ground-based [1, 2, 3, 4] and space-based laser interferometers [5, 6] . BHNS binary mergers are also candidate central engines of short-hard gamma-ray bursts (SGRBs) (see, e.g. [7] and references cited therein). The remnants of both BHNS binary mergers [8, 9] and binary neutron star mergers [10, 11, 12, 13] are feasible progenitors for SGRBs because both may result in black holes surrounded by hot, massive accretion disks with very little, if any, baryon contamination along the polar symmetry axis.
Motivated by these factors, considerable effort has gone into the study of BHNS binaries. Most approaches to date assume Newtonian gravity in either some or all aspects of the calculation (see, e.g. [14, 15, 16, 17, 18, 19, 20, 21, 22, 23] for quasiequilibrium calculations and [24, 25, 26, 27, 28, 29, 30, 31] for dynamical simulations). More recently, several groups have also studied BHNS binaries in a fully relativistic framework, both for quasiequilibrium models [32, 33, 34, 35, 36, 37] and dynamical simulations [8, 9, 38, 39, 40] .
Our group has pursued a systematic approach to developing increasingly realistic models of BHNS binaries in quasiequilibrium circular orbits. Our first studies [8, 33, 34, 38 ] assumed extreme mass ratios, i.e., black hole masses that are much greater than the neutron star mass. While this is a very natural first step from a computational point of view, binaries with comparable masses are much more interesting from the perspective of ground-based gravitational wave observations and for the launching of SGRBs. More recently we have therefore relaxed this assumption and have extended our results to the case of comparable-mass BHNS binaries [35, 37] .
Specifically, in [37] (hereafter Paper I) we constructed quasiequilibrium models by solving Einstein's constraint equations in the conformal thin-sandwich formalism, assuming conformal flatness and maximal slicing, together with the relativistic equations of hydrostationary equilibrium. We accounted for the black hole by excising a coordinate sphere and imposing the equilibrium blackhole boundary conditions of Cook and Pfeiffer [41] . This original version implemented a "leading-order" approximation to nonspinning black holes, which equates an otherwise undetermined spin parameter Ω r that appears in the boundary condition for the shift vector with the orbital angular velocity seen by an inertial observer at infinity, Ω. As for the original irrotational binary black hole models of [41] , this condition does not lead to simultaneous turning points of the binding energy and the total angular momentum in constant-mass sequences in Paper I. Such simultaneous turning points are expected for those sequences if they are truly in quasiequilibrium [42] . An improvement over this condition, namely to iterate over Ω r until the quasilocal spin angular momentum of the black hole vanishes, was suggested and implemented for binary black holes by [43] .
In this paper we reconstruct quasiequilibrium models of BHNS binaries using the same techniques as in Paper I, but with the improved black hole spin angular velocity condition as suggested by [43] . We then compute sequences of BHNS binaries in quasicircular orbits for a wider range of neutron star masses and binary mass ratios than in Paper I, focusing our attention on irrotational neutron stars orbiting nonspinning black holes. Here we focus only on the irrotational state for the neutron star because it is astrophysically considered to be more realistic in a BHNS binary [38, 44, 45] . On the other hand, we will compute the case of spinning black holes in future work. As was the case for the irrotational black hole binaries constructed in [43] , we find that this improved condition for the spin parameter of the black hole Ω r does lead to simultaneous turning points in the binding energy and the total angular momentum along constant-mass sequences.
The paper is organized as follows. We briefly review the basic equations in Section II. We present numerical results in Section III, and outline some qualitative considerations concerning the fate of BHNS binaries in Section IV. In Section V we summarize our findings. Throughout this paper we adopt geometrized units with G = c = 1, where G denotes the gravitational constant and c the speed of light. Latin and Greek indices denote purely spatial and spacetime components, respectively.
II. FORMULATION
In this Section we review the equations we solve to construct a quasiequilibrium BHNS binary. The equations are very similar to those in Paper I, but, as we explain below, we have improved both our algorithm for the solution of the gravitational field equations and the method to compute the spin parameter Ω r that appears in the black hole boundary condition for the shift vector. For a more detailed discussion about the formalism we use here, we refer to Paper I, the review articles [46, 47] , and Sec. II of [48] for the hydrostatics.
A. Gravitational field equations
The line element in 3 + 1 form is written as
where g µν is the spacetime metric, α the lapse function, β i the shift vector, and γ ij the spatial metric induced on a spatial slice Σ. The spatial metric γ ij is further decomposed according to γ ij = ψ 4γ ij , where ψ denotes the conformal factor andγ ij the conformal background spatial metric, defined such that detγ = 1 in Cartesian coordinates. We also decompose the extrinsic curvature K ij into a trace K and a traceless partÃ ij according to
The Hamiltonian constraint then becomes
Here∇ 2 =γ ij∇ i∇j is the covariant Laplace operator, ∇ i the covariant derivative,R ij the Ricci tensor, and R =γ ijR ij the scalar curvature, all associated with the conformal background metricγ ij .
We employ the conformal thin-sandwich decomposition of the Einstein equations [49] . In this decomposition, we use the evolution equation for the spatial metric to express the traceless part of the extrinsic curvature in terms of the time derivative of the background metric, u ij ≡ ∂ tγij , and the gradients of the shift vector. Under the assumption of equilibrium, i.e.,ũ ij = 0 in a corotating coordinate system, the traceless part of the extrinsic curvature reduces tõ
Inserting Eq. (4) into the momentum constraint we obtain∇
For the construction of quasiequilibrium data it is also reasonable to assume ∂ t K = 0 in a corotating coordinate system. The trace of the evolution equation for the extrinsic curvature then yields
The matter terms on the right-hand side of Eqs. (3), (5), and (6) are derived from the projections of the stressenergy tensor T µν into the spatial slice Σ. Denoting the future-oriented unit normal to Σ as n µ , the relevant projections of T µν are
Here we write the stress-energy tensor as
assuming an ideal fluid. The quantity u µ is the fluid 4-velocity, ρ 0 the baryon rest-mass density, ρ i the internal energy density, and P the pressure. Equations (3), (5) and (6) provide equations for the lapse function α, the shift vector β i , and the conformal factor ψ, whileÃ ij can be found from Eq. (4). The conformally related spatial metricγ ij and the trace of the extrinsic curvature K remain freely specifiable, and have to be chosen before we can solve the above equations (note that we have already set the time derivatives of these quantities, which are also freely specifiable, to zero). As in Paper I we assume a flat backgroundγ ij = η ij , where η ij denotes a flat spatial metric, and maximal slicing, K = 0. In Cartesian coordinates, Eqs. (3), (5) and (6) can then be written as
where ∆ and ∂ i denote the flat Laplace operator and the partial derivative, and Φ ≡ αψ. Eq. (4) becomes
For numerical purposes we further decompose the variables and their equations into parts associated with the black hole and the neutron star. For details of this decomposition we refer to Appendix A of Paper I [37] . In Paper I we solved directly for the lapse function α, the conformal factor ψ and the shift vector β i . Instead of solving Eq. (6) for the lapse, we now solve Eq. (14) for the combination Φ = αψ. This choice is quite common (see e.g. [46, 47] ), and has the advantage of eliminating the source term −2η ij ∂ i α∂ j ln ψ on the right-hand side of Eq. (6) above, or equivalently Eq. (9) in Paper I. This term falls off like 1/r 4 , and hence more slowly thañ A ijÃ ij . Eliminating this term therefore enhances the accuracy of the numerical solution. We will quantify the improvement in Section III B.
B. Boundary conditions
In order to solve the gravitational field equations (12), (13) , and (14), we have to impose appropriate boundary conditions on two different boundaries: outer boundaries at spatial infinity and inner boundaries on the black hole horizons.
The boundary conditions at spatial infinity follow from the assumption of asymptotic flatness. With the help of a radial coordinate transformation u = 1/r in the external computational domain, our computational grid extends to spatial infinity [48, 50] , and we can impose the exact boundary conditions
Here Ω is the orbital angular velocity of the binary system measured at infinity, and R = (X, Y, Z) is a Cartesian coordinate centered on the center of mass of the binary system. We express the shift vector β i in a corotating coordinate system that we adopt throughout our calculation. In an inertial coordinate system, the shift vector would tend to zero at spatial infinity, while in the corotating coordinate system of the numerical code the shift vector diverges at spatial infinity. For computational purposes, it is therefore convenient to write the shift vector as a sum of the rotational shift term β
i and a residual part (which tends to zero at spatial infinity), and solve the equations only for the latter.
The inner boundary conditions arise from the excision of the black hole interior. The assumption that the black hole is in equilibrium leads to a set of boundary conditions for the conformal factor and shift vector [41] (see also [43, 51] as well as the related isolated horizon formalism, e.g. [52, 53] ). The boundary condition for the conformal factor is
where s i ≡ ψ −2si is the outward pointing unit vector normal to the excision surface and h ij is the induced metric on the excision surface, h ij ≡ ψ 4h ij = γ ij − s i s j . The quantity J is computed from the projection of the extrinsic curvature K ij as J ≡ h ij K ij . The boundary condition on the normal component of the shift vector is
The tangential components must form a conformal Killing vector of the conformal metrich ij on the excision surface (see [41] ). This can be achieved by choosing them to be Killing vectors of a 2-sphere,
Here Ω j r is a freely specifiable vector, related to the blackhole spin, that we take to be aligned with the Z-axis, and x k is a Cartesian coordinate centered on the 2-sphere. We assume the excision surface to be a coordinate sphere. In our previous treatment we implemented a "leading-order" approximation to nonspinning black holes and set Ω r = Ω, where Ω is the orbital angular speed (compare [41] ). Following [43] we now iterate over Ω r until the black hole's quasilocal spin angular momentum
vanishes. Here ξ i is an approximate Killing vector of h ij that we find by solving the Killing transport equations as described in [43] (see also [54] for more detailed descriptions and [55] for alternative methods for finding approximate Killing vectors of closed 2-surfaces).
According to [41] , the boundary condition on the lapse function can be chosen freely. In this paper, we choose a Neumann boundary conditioñ
on the excised surface. We refer to Sections II.E and II.F of Paper I for a discussion of how the orbital angular velocity, the center of rotation, and several global quantities including total angular momentum and mass are computed.
C. Numerical Method
As in Paper I [37] , we construct our numerical code based on the Lorene spectral-methods library routines developed by the Meudon relativity group [56] . In our code, the computational space is broken into multiple domains. Each domain around the black hole is covered by N r × N θ × N φ = 41 × 33 × 32 or 49 × 37 × 36 collocation points, while those around the neutron star are covered by 25 × 17 × 16 collocation points. Here N r , N θ , and N φ denote the number of collocation points for the radial, polar, and azimuthal directions, respectively. We use a larger number of collocation points for the black hole domains than for the neutron star domains because the source terms of the black hole equations are sensitive to the resolution of the neutron star. Since the black hole domains are centered on the black hole, we need a higher angular resolution to adequately resolve these source terms. The neutron star equations, on the other hand, have large source terms only near the neutron star. Since the neutron star domains are centered on the neutron star, a more modest angular resolution is sufficient to resolve these terms.
We refer to Appendix A of Paper I for a detailed discussion of the decomposition of the equations and their source terms.
III. NUMERICAL RESULTS
Throughout this paper, we model the neutron-star equation of state by the polytropic relation P = κρ Γ 0 , where P is the pressure, ρ 0 the baryon rest-mass density, Γ the adiabatic index, and κ a constant. We choose Γ = 2 for the adiabatic index, and compute several different constant-mass inspiral sequences. Specifically the rest mass of the neutron star and irreducible mass of the black hole are kept constant along each sequence. We focus on baryon rest masses for neutron stars in the range of 0.12 ≤M We consider mass ratios in the range 1 ≤q ≤ 10, where we define the mass ratio aŝ
i.e., the ratio of the irreducible mass of the black hole (M BH irr ) to the ADM mass of a spherical, isolated neutron star (M NS ADM,0 ). Here the irreducible mass M BH irr is identical to the ADM mass for an isolated nonspinning black hole. Note again that we fix the irreducible mass of the black hole and the baryon rest mass of the neutron star for the construction of constant-mass sequences. For the definition of the mass ratio, however, we use the ADM mass of a spherical isolated neutron star M NS ADM,0 , because this turns out to be more convenient for comparisons with third-order post-Newtonian (3PN) results [57] .
We tabulate our numerical results in Appendix A. We show contours of the conformal factor ψ for a BHNS binary with mass ratioq = 3 and neutron-star baryon rest massM . In these figures we also include, for comparison, results from Paper I and 3PN approximations [57] . We find that our new results show much better agreement with 3PN results especially for larger separations (smaller ΩM 0 ). This improvement is due to the change of variables we discussed in Section II A. In Fig. 6 we show the relative difference of the total angular momentum from that of 3PN approximation as a function of the orbital angular velocity ΩM 0 for neutronstar baryon rest massM NS B = 0.15 and mass ratioq = 5.
The solid curve shows the new results in this paper, the dashed curve the results of the old formulation in Paper I but including the new method to compute Ω r , and the dotted-dashed curve the old results in Paper I. For closer configurations (larger ΩM 0 ), the difference is dominated by the accuracy of the spin parameter Ω r , while for larger separations (smaller ΩM 0 ), the difference comes from the change of variables. [57] . The numerical sequences end due to cusp formation -and hence the onset of tidal disruption -before the binary reaches the innermost stable circular orbit at the turning point of the binding energy. 3PN sequences all exhibit turning points and cannot reveal cusps. Before discussing these results in greater detail it is useful to anticipate some qualitative scaling. From a very crude Newtonian argument, we can estimate the binary separation d tid at which the neutron star will be tidally disrupted by comparing the tidal force exerted by the black hole on a test mass m on the neutron star's surface with the gravitational force exerted by the neutron star on this test mass. Equating these two forces yields
If d tid is greater (by a sufficient amount) than the innermost stable circular orbit (ISCO) separation d ISCO we may expect the neutron star to be tidally disrupted before being swallowed more or less intact, albeit distorted by tidal forces, by the black hole. The qualitative relation (26) suggests that the tidal separation decreases with increasing mass ratioq and neutron star compaction. Our sequences terminate shortly before the onset of tidal disruption. We therefore expect to encounter minima in the binding energy and angular momentum, which identify the ISCO, only for binaries with sufficiently large mass ratioq and neutron star compaction. Comparing Figs. 3 -5 we indeed find turning points only for the largest mass ratioq = 5.
We also note that in this case the turning points in the binding energy and the angular momentum occur simultaneously to within our numerical accuracy. This was not the case with for our earlier results, which adopted the "leading-order" nonspinning condition Ω r = Ω. When imposing the more accurate condition S = 0 for irrotational binaries, we now do find simultaneous minima (compare also the analogous results of [41, 43] for binary black holes).
To highlight this finding we graph in Fig. 7 the binding energy versus angular momentum for sequences of mass ratioq = 5, but different neutron star compactions. A simultaneous turning point in the binding energy and angular momentum leads to a cusp in these curves. As suggested by Eq. (26), we do not find turning points for small compactions (since the sequences end at tidal disruption before encountering an ISCO), but for larger compactions these curves indeed form a cusp. While our results agree with 3PN results very well, we do note a small deviation that increases with the neutron star compaction, as one might possibly expect. We also clearly find that our new data agrees with 3PN results much better than the old ones in Paper I for smaller binary separation (see curves ofM NS B = 0.15 in Fig. 7) . We note that 3PN sequences cannot identify tidal disruption and therefore always exhibit turning points.
C. Quasilocal spin angular momentum of the black hole
Probably the most important numerical improvement that we present here is the incorporation of a method to compute the spin angular velocity of the black hole into our numerical code. We first obtain the Killing vector on the excised surface by solving the Killing transport equations, and then compute the quasilocal spin angular momentum [43, 54] . Requiring the angular momentum to be zero (S = 0), we iterate over the black hole spin parameter Ω r . In Paper I, by contrast, we simply set this parameter equal to the orbital angular velocity Ω, resulting in a "leading-order" approximation. In Figs.  8 and 9 , we compare the quasilocal spin angular momentum and black hole spin parameter Ω r , calculated under the two conditions Ω r = Ω and S = 0. For both computations, we use our set of improved variables (as opposed to reusing our results from Paper I). In these figures, solid and dotted-dashed lines represent configurations with zero quasilocal spin angular momentum for the black hole, while dashed and dotted curves represent configurations where we set the spin angular velocity of the black hole equal to the orbital angular velocity.
We find from Fig. 8 that the quasilocal spin angular momentum of the black hole was negative and increased in magnitude as the orbital separation decreased when we used the condition Ω r = Ω in our boundary conditions. This negative spin angular momentum results in a decrease in the total angular momentum compared to the S = 0 case. This explains why we did not find a minimum in the total angular momentum along a sequence in Paper I. Here, by maintaining S = 0 within numerical errors, we find the minimum of the total angular momentum is coincident with that of the binding energy.
Similarly, the fact that the quasilocal spin angular momentum becomes negative for the condition Ω r = Ω implies that the spin angular velocity Ω r should be smaller than the orbital angular velocity Ω when we require S = 0, as confirmed by Fig. 9 .
IV. QUALITATIVE CONSIDERATIONS
Among the most important questions in the context of BHNS binaries is whether the coalescence leads to a tidal disruption of the neutron star, or whether the neutron star gets swallowed by the black hole more or less intact, albeit distorted by tidal forces. Clearly, this question has important consequences from the perspective of gravitational wave observations, but perhaps even more important are the ramifications for SGRBs. To launch such a burst requires the formation of an accretion disk around the black hole, which can occur only if the neutron star is disrupted prior to reaching an ISCO. To explore this issue quantitatively requires a dynamical simulation (compare [8, 9, 38] ), and part of the motivation for the work presented in this paper is the construction of suitable initial data for such calculations. In the meantime, however, we may also use our quasiequilibrium models to obtain preliminary estimates. Specifically, we will use our numerical results to construct qualitative expressions that may be used to predict whether a BHNS binary of arbitrary mass ratio and neutron star compaction encounters an ISCO before being tidally disrupted or not. We start from investigating the binary separation (and the orbital angular velocity) at which tidal disruption of the neutron star by the black hole occurs. In Newtonian gravity and semi-relativistic approaches, simple equations may be introduced to fit the effective radius of a Roche lobe [21, 22, 58, 59] . Recently, Shibata and Uryū introduced a fitting equation for binaries composed of a nonspinning black hole and a corotating neutron star in general relativity [9] . In this section, we investigate our data for a nonspinning black hole and an irrotational neutron star.
In order to obtain a fitting formula, we need to determine the orbital angular velocity at the mass-shedding limit, i.e., the point that defines the onset of tidal disruption. For this purpose we need to extrapolate our data, because it is impossible to compute sequences up to the tidal disruption point using a spectral methods code because of Gibbs phenomena. To extrapolate our results, we introduce a sensitive mass-shedding indicator, χ, defined as the ratio between radial derivatives of the specific enthalpy h on the neutron star surface in the direction of the companion and in the polar direction,
(see [48] ). This indicator takes the value unity for a spherical star and reaches zero at the formation of a cusp. We tabulate χ as a function of the orbital angular velocity and extrapolate to χ = 0 by using fitting polynomial functions to find the onset of tidal disruption. In Fig. 10 , we show an example of such extrapolations for sequences of neutron-star baryon rest massM B = 0.15 with mass ratios 1, 2, 3, and 5. Note that the horizontal axis in Fig. 10 is the orbital angular velocity in polytropic units, Ω = ΩR poly . Then we prepare the data of extrapolation for all models we compute. To obtain the fitting formula for the orbital angular velocities at the mass-shedding limit acceptable for all models we compute, we start with the qualitative Newtonian expression (26) , together with Kepler's third law
Combining Eqs. (26) with (28) we can eliminate d tid and findΩ tid = 0.270
or equivalently
Here we have identified M BH with M BH irr , M NS with M NS ADM,0 , and R NS with the circumferential radius of a spherical neutron star R 0 . Lastly, we determined the coefficient of 0.270 from our numerical results. Fitting our numerical values for the angular velocity at tidal disruption to the form (29) resulted in a narrow range of coefficients between 0.266 and 0.273, with a mean value of 0.270. In Fig. 11 , we show the results of the fitting of the mass-shedding limit by Eq. (29) .
It may be of interest to compare Eq. (29) with a similar expression of Shibata and Uryū [9] , who express the critical mass ratioq as
(in [9] , the mass ratio q * is defined as the inverse of our definition). In terms of the quantities used in Eq. (29), this becomesΩ tid,SU = 0.27
which agrees with Eq. (29) for largeq. The agreement of our result (irrotation for the neutron star) with that by Shibata and Uryū (corotation) confirms our prediction in the limit of extreme mass ratios [34] . Tidal disruption (Mass-shedding limit)
FIG. 11:
Fits of the mass-shedding limit by the analytic expression (29) . The mass-shedding limit for each neutron-star mass and mass ratio is computed by the extrapolation of the numerical data.
B. Innermost stable circular orbit
We are also interested in the binary separation (and the corresponding orbital angular velocity) at which the minimum of the binding energy appears, corresponding to the ISCO. In our numerical data we locate this point by fitting a second-order polynomial to three nearby points.
We may construct a simple empirical fit that predicts the ISCO angular velocity Ω ISCO for an arbitrary companion orbiting a black hole as follows. We search for expressions with three free parameters that express Ω ISCO as a function of the mass ratioq and the compaction C of the companion. We then fix the three parameters by matching to three known values of Ω ISCO , namely (1) that of a test particle orbiting a Schwarzschild black hole, Ω ISCO M 0 = 6 −3/2 (forq = ∞), (2) that of an equal-mass binary black hole system as computed in [43] , Ω ISCO M 0 = 0.1227 (forq = 1 and C = 0.5), and finally (3) that of our BHNS configuration withM NS B = 0.15 and C = 0.1452 and mass ratioq = 5, resulting in Ω ISCO M 0 = 0.0854. A further requirement arises from the fact that for a test particle (withq = ∞), the expression should be independent of the companion's compaction. We find a good fit to our remaining numerical data with the expression
as demonstrated in Fig. 12 . We determined the exponent ofq and C in Eq. (33) empirically by requiring that the fitted curves lie near the data points for all models. Clearly the agreement is not perfect, but adequate for our purposes. 
C. Critical mass ratio
Combining Eqs. (29) (or (30)) and (33), we can now identify the critical binary parameters that separate those binaries that encounter an ISCO before reaching mass-shedding, and vice-versa. In Fig. 13 we show an example forM NS B = 0.15. The solid curve denotes the orbital angular velocity of the mass-shedding limit, and the long-dashed for the ISCO. As seen from Eqs. (29) and (33) , both of these curves depend on the mass ratio, but in different ways, which leads to the intersection of the two curves. An inspiraling binary evolves along horizontal lines towards increasingΩ, starting at the left and moving toward the right, until reaching either the ISCO or the mass-shedding limit. After the binary reaches the ISCO for sufficiently large mass ratio, we cannot determine the exact position at which the binary disrupts via quasiequilibrium calculations because it is in the dynamical plunge region, but we nevertheless include the massshedding limit for unstable quasiequilibrium sequences as the dotted curve in Fig. 13 . As shown in Fig. 13 , the model with mass ratioq = 6 (dotted-dashed line) encounters the ISCO, while that ofq = 3 (dot-dot-dashed line) ends up at the mass-shedding limit. The intersection between the mass-shedding and ISCO curve marks a critical point that separates the two distinct outcomes of the binary inspiral.
Since expressions (29) and (33) also depend on the neutron star's compaction, the specific values of the critical point likewise depend on this compaction. In Fig. 14 , we graph the mass-shedding and ISCO curves for a number of different neutron star masses which have a one-to-one correspondence to the compaction. The intersections, appearing as a knee in this figure, mark the critical point for each compaction corresponding to a binary that encounters the ISCO at the point of tidal disruption. This critical point also gives the maximum value of ΩM 0 in = 0.15. The solid curve denotes the massshedding limit, and the long-dashed one the ISCO for each mass ratio as a function of the orbital angular velocity in polytropic units. The dotted curve denotes the mass-shedding limit for unstable quasiequilibrium sequences. quasiequilibrium for each model. We note again that the equation of state is fixed here to be polytropic with adiabatic index Γ = 2. This implies that the results may change, i.e., the coefficients in Eqs. (29) and (33) may change, when we change the adiabatic index or the equation of state itself. However, we find from Fig. 14 that the orbital angular velocity at the ISCO in the form of ΩM 0 has a narrow range, 0.08 < ∼ ΩM 0 < ∼ 0.09, for all models we compute. This implies that the fitting formula (33) may hold approximately even for other equations of state.
We tabulate these critical values for the neutron star compactions considered in this paper in Table I . Whether or not these critical points mark the true separation between the two outcomes will have to be verified by dynamical simulations. We nevertheless expect that these values may provide some useful guidance. arates BHNS binaries that encounter an ISCO before reaching mass-shedding, and vice-versa, as a function of the compaction of the neutron star. We show such a critical curve that separates those two regions in Fig. 15 . The solid line denotes the critical mass ratio for each compaction. If the mass ratio of a BHNS binary is larger than the critical one, the quasiequilibrium sequence terminates by encountering the ISCO, while if smaller, it ends at the mass-shedding limit of the neutron star. 
V. SUMMARY
We have constructed new quasiequilibrium configurations of black hole-neutron star binaries in general relativity. We have solved the Einstein constraint equations in the conformal thin-sandwich formalism coupled with the equations of relativistic hydrostationary equilibrium. In Paper I, we set the spin angular velocity parameter of the black hole equal to that of the orbital angular velocity in order to produce a nonspinning black hole in the "leading-order" approximation [41] , while in this paper we compute this parameter by requiring the quasilocal spin angular momentum of the black hole to be zero [43] . We have also improved the formulation of the gravitational field equations and obtained more accurate results than in Paper I.
As an indication of the improvements in these calculations, a post-Newtonian analysis predicts smaller binary eccentricities for these new BHNS models than for those computed in Paper I ( [60] , compare [61] ). In [61] , Berti et al. fit numerical results for the binding energy and angular momentum of binaries in circular orbit to postNewtonian expressions for binaries that are not necessarily in circular orbit. Deviations between the the two approaches then lead to non-zero eccentricities in the postNewtonian expressions. These eccentricities are smaller for our new results than for those of Paper I. We also remark on another finding of [61] , namely that for a given neutron star massM NS ADM,0 and a given value of ΩM 0 , the eccentricities in BHNS models, though small, are found to be larger than in binary neutron star models [62] . This suggests a larger deviation from quasiequilibrium for BHNS binaries than binary neutron stars. But, for BHNS binaries with a mass ratio ofq = 5, these parameters correspond to a larger binary separation than for binary neutron stars with a mass ratio ofq = 1 (compare Eq. (28)). For similar numerical resources, this larger binary separation leads to a larger numerical error, which may explain the larger eccentricity found by [61] , at least in part.
In addition to recomputing several sequences we presented in Paper I, we have constructed sequences for a wider range of neutron star masses and binary mass ratios, employing a Γ = 2 polytropic neutron-star equation of state throughout. We computed several constant-mass sequences, for various mass ratios and neutron star compactions, and searched for the appearance of a cusp at the neutron star surface -indicating the onset of tidal disruption -and turning points on the binding energy and angular momentum curves -identifying the ISCO. We also included some qualitative fits that allow for a simple prediction of those binary parameters separating these two different outcomes of binary coalescence. Unlike in our earlier findings, we found simultaneous turning points along the binding energy and angular momentum quasiequilibrium curves.
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APPENDIX A: TABLES OF SEQUENCES
We summarize our results in Tables II -VI . In these tables, we tabulate the coordinate orbital separation between the center of the excised surface of the black hole and the maximum of the neutron-star baryon rest mass d, orbital angular velocity Ω, spin angular velocity of the black hole Ω r , binary binding energy E b , total angular momentum J, decrease in the maximum density parameter δq max = (q max − q max,0 )/q max,0 from the spherical value q max,0 , minimum of the mass-shedding indicator χ min , and fractional difference δM between the ADM mass M ADM and the Komar mass M Komar along a sequence. Here q max = (P/ρ 0 ) max . Recall that (virial) equilibrium requires M Komar = M ADM . = 0.14. The ADM mass and the isotropic coordinate radius of the neutron star in isolation areM 
